Study of the literature on the physiology of neuromuscular transmission suggested two new methods of assessing the degree of neuromuscular block in the human subject. These were, first, a comparison of the height of the recorded twitch tensions developed in response to repeated single stimuli applied at differing frequencies and, second, examination of the extent of reduction in amplitude of twitch tensions developed in response to a short train of four stimuli. In assessing the first method the use of three frequencies of stimulation was tried (i.e., 0.1 Hz (c.p.s.), 0.3 Hz and 1.0 Hz). It was found that as the frequency of stimulation was increased there was reduction in the amplitude of the recorded twitch response in curarized subjects, and that this reduction appeared to depend on the degree of curarization. In assessing the second method a short train of four stimuli at 2 Hz was used, and it was found that there was a progressive fade of successive recorded mechanical twitch responses in curarized subjects which again appeared to depend on the degree of curarization. It is suggested that the amplitude of the twitch response at a higher frequency expressed as a percentage of that at the slower rate, and the last response of the train of four expressed as a percentage of the first may be useful in measuring degree of neuromuscular block in man.
Study of the literature on the physiology of neuromuscular transmission suggested two new methods of assessing the degree of neuromuscular block in the human subject. These were, first, a comparison of the height of the recorded twitch tensions developed in response to repeated single stimuli applied at differing frequencies and, second, examination of the extent of reduction in amplitude of twitch tensions developed in response to a short train of four stimuli. In assessing the first method the use of three frequencies of stimulation was tried (i.e., 0.1 Hz (c.p.s.), 0.3 Hz and 1.0 Hz). It was found that as the frequency of stimulation was increased there was reduction in the amplitude of the recorded twitch response in curarized subjects, and that this reduction appeared to depend on the degree of curarization. In assessing the second method a short train of four stimuli at 2 Hz was used, and it was found that there was a progressive fade of successive recorded mechanical twitch responses in curarized subjects which again appeared to depend on the degree of curarization. It is suggested that the amplitude of the twitch response at a higher frequency expressed as a percentage of that at the slower rate, and the last response of the train of four expressed as a percentage of the first may be useful in measuring degree of neuromuscular block in man.
It has been found that measurement of the force of an isometric muscle contraction evoked by motor nerve stimulation gives a more accurate index of neuromuscular block than does measurement of the action potential which is associated with the contraction (Botelho, 1955) : indeed measurement of the force of contraction in this way has been said to be the best method of assessing neuromuscular block in clinical situations (Katz, 1965) .
Study of the twitch response in a variety of conditions has shown that after administration of tubocurarine, and a number of other compounds the faster the rate of stimulation used the greater is the degree of neuromuscular block and the smaller will be the amplitude of the muscle twitch response obtained (Chou, 1947; Guyton and Reeder, 1949; Preston and Van Maanen, 1953; WislicW, 1958; Blackman, 1963) .
The decrease in the size of the muscle twitch which follows an increase in the stimulus frequency is rapid, a steady level usually being reached by the fifth twitch after changing to the faster rate when working in the range from 0.1 Hz to 10 Hz (Rosenblueth and Morison, 1937; Maaske, Boyd and Brosnan, 1938; Blackman, 1963) . Grob, Johns and Harvey (1956) demonstrated the effect of intra-arterial injection of various drugs on the evoked electromyogram in human subjects. They applied a standard pattern of stimulation which consisted of trains of four stimuli at a frequency of 25 Hz, the trains of stimuli being repeated at intervals of 2-10 seconds (i.e., 0.5-0.1 Hz). Before tubocurarine was given each of the four muscle action potentials obtained in this way was of equal height; and when a small dose of the drug (0.15 mg) was administered intraarterially there was usually no effect on the initial muscle action potential of the train when it was compared with the pre-injection height. In these circumstances, however, there was slight steplike depression of the subsequent second, third and fourth potentials, the fourth being depressed most and the second least. As the dose of tubocurarine was increased depression of the first potential was also seen, together with increasing steplike depression of trie successive three potentials, the fourth again being the most affected. Roberts and Wilson (1968) have already used a train of four stimuli at 4 Hz to assess the progress and treatment of patients with myasthenia gravis. Evidence obtained in experimental animals and humans indicates that during repetitive nerve stimulation there is a progressive decrease in the amount of acetylcholine released from the motor nerve endings, a decrease reflected in a progressive decrease in the size of the endplate potentials (Liley and North, 1953; Boyd and Martin, 1956; Brooks and Thies, 1962; Elmqvist and Quastel, 1965) .
The following investigation was undertaken in an attempt to find a satisfactory objective measure of changes of neuromuscular block based on these phenomena.
METHODS

Stimulation and recording.
The ulnar nerve was stimulated by means of 25-gauge needle electrodes placed subcutaneously at the wrists (Katz and Wolf, 1964) . Mechanical twitch responses were elicited with square wave stimuli of 0.3 msec duration, the voltage being adjusted to 10-20 per cent above that required for maximal response. Stimuli were delivered through a stimulus isolation unit (Grass; SIU 478) from a Grass stimulator (model S8). The resulting adduction of die thumb activated a tensile/ compressive transducer (Ether UFI±32 ounces), assembled in die form of a hand grip (Ali, 1970) . This resulted in an almost completely isometric contraction. The output of the transducer was amplified and recorded on a Devices single channel recorder (type R2).
Pattern of nerve stimulation.
Single stimuli of duration 0.3 msec were delivered repetitively at frequencies of 0.1 Hz (one stimulus every 10 sec), 0.3 Hz (one stimulus every 3 sec) and 1 Hz (one stimulus every sec). In addition a train of four stimuli was delivered at a frequency of 2 Hz and a train duration of 2 sec (there was thus an interval of 0.5 sec between each of the four stimuli in the train); this train of four stimuli was repeated every 10 sec (i.e., at a train frequency of 0.1 Hz).
Ratios of twitch height.
Three ratios of twitch heights were selected for particular study. First the amplitude of the twitch at the highest frequency of stimulation (1.0 Hz) was expressed as a percentage of the amplitude obtained at die slowest rate of stimulation (0.1 Hz). Secondly, the percentage of die amplitude of the muscle twitch obtained when the frequency of stimulation was 1.0 Hz compared to the amplitude of the muscle twitch obtained at die frequency of 0.3 Hz. Thirdly, the height of the last of the train of four responses was expressed as a percentage of die height of the first response. These three ratios were considered as possible indices of the degree of recovery from the effect of the curarizing drug during surgery, and of the degree of residual curarization after neostigmine had been given. A group of conscious volunteers was also studied for the purpose of comparison.
Patients and volunteers.
Four groups of experiments were conducted, there being ten individuals in each group; in no case was there any evidence of neuromuscular disease. The age of die volunteers and patients was within the range of 18-65 years; the anaesthetized patients (groups 2-4 inclusive) were all undergoing elective lower abdominal or limb surgery.
Group 1 consisted of conscious volunteers. After a recording of die muscle response to the diree different frequencies and to the train of four stimuli had been obtained for control purposes each volunteer was given tubocurarine 5 mg intravenously. The various patterns of stimulation were investigated until there was full recovery of the height of twitch responses to die control levels. The findings were correlated with the response to simple clinical tests for muscle paralysis.
Group 2 consisted of anaesdietized patients to whom a small dose of tubocurarine was administered; pulmonary ventilation was not controlled. Morphine 10 mg and atropine 0.6 mg was given as premedication 1 hour before surgery. Induction of anaesthesia was with thiopentone (200-300 mg) and was maintained with nitrous oxide and oxygen (5 l./min and 2 l./min) together with halothane (0.5-2 per cent). In some cases a face mask was used but in others an endotracheal tube was passed; in the latter case die larynx and trachea were previously anaesthetized with lignocaine solution (4 per cent). When a clinically steady state of anaesthesia had been achieved, each patient was given tubocurarine 10 mg: 15 min after the drug had been administered atropine 0.6 mg and neostdgmine 2.5 mg were given to reverse the neuromuscular block. As in the volunteers in group 1, twitch responses were studied using the pattern described in the section on mediods. Control heights of muscle twitch were obtained before the relaxant was given but after the patient had been anaesthetized, and the investigation was continued until full recovery of the twitch heights was achieved as compared to the control. The procedure was regarded as monitoring neuromuscular block and formal permission of the patient was not considered to be required; a full explanation of the procedure, however, was given to each patient.
Group 3 consisted of a group of anaesthetized patients to whom a larger dose of tubocurarine was administered; pulmonary ventilation had to be controlled. The premedication used was similar to that in the previous group, as was the induction of anaesthesia. The induction dose of thiopentone, however, was followed by tubocurarine 0.6 mg/kg body weight. A cuffed orotracheal tube was passed; anaesthesia was maintained with a mixture of nitrous oxide and oxygen 5 l./min and 2 l./min and IPPV was employed. No other supplement to the anaesthesia was used. At the end of the operation atropine 1.2 mg and neostigmine 5.0 mg were given together intravenously, either as a single dose or in two equal parts. Sometimes control values were obtained before the relaxant was given; in some cases, however, this was not done and the pattern obtained before neostigmine administration was used to compare with that obtained after the drug had been given.
Group 4 consisted of anaesthetized patients to whom suxamethonium was given. Premedication and the induction and maintenance of anaesthesia was similar to that used in the patients in group 3, and pulmonary ventilation was controlled until adequate spontaneous ventilation returned. The suxamethonium was given in a dose of 20-65 mg soon after the induction of anaesthesia and was used to facilitate endotracheal intubation. The effect of suxamethonium was also tested in patients after prolonged anaesthesia with nitrous oxide/oxygen and halothane (1-2 per cent); again controlled respiration was employed after suxamethonium was given, until adequate spontaneous respiration returned. The twitch response was studied before suxamethonium was given and during and after recovery from the drug.
RESULTS
The sections which follow give a qualitative account of the results obtained. A further paper (Ah', Utting and Gray, 1971) gives a quantitative account of the use of the train of four stimuli in assessing degree of residual curarization. It was found that the use of the train of four stimuli had advantages over the use of the simple change of frequency for the quantitative estimation of nondepolarizing block; for though the two indices ran pan passu the train of four stimuli appeared to be a more sensitive index.
Control tracings (all groups). (a) Change of frequency of stimulation.
Before a muscle relaxant was given there was no diminution of the height of the twitch response following a change from lower to higher frequency (figs. 1, 2, 6, 7): this applied when the stimulus frequency was increased both from 0.1 Hz to 1 Hz and from 0.3 Hz to 1 Hz.
(b) Train of four stimuli.
In every case in which the train of four stimuli was applied before a muscle relaxant was given the twitch responses corresponding to each of the four stimuli were all of equal height (figs. 3, 5, 9, 10).
Pattern after tubocurarine (groups 1-3).
The change in the pattern of twitch response seen after tubocurarine was similar in the three groups in which its action was tested. The differences in the three groups were only in the degree of change observed. (B) During curarization there may be initially no difference in the twitch height at the slower rate of stimulation from that obtained in the control period but a change to the faster frequency results in a sharp decline in twitch height.
(Q As recovery progresses the ratio of the twitch height at the faster to the slower frequency gradually approaches unity. 
Rftcov«rlr>g from tubocunnnt
A similar situation to that shown in fig. 1 , but here the twitch heights at the lower rate of stimulation have been depressed. Note ratio b'/a' is less than ratio b"/a" and ratio b"/a" is less than ratio b/a. A represents the control response (i.e., before the administration of the drug). Under anaesthesia with nitrous oxide and oxygen, suxamethonium reduces the twitch height in each of the four responses equally (B). Under prolonged halothane anaesthesia, however, a degree of fade was sometimes apparent after suxamethonium was given (C). therefore, seemed to give a more sensitive index of the degree of curarization. In the figures attention has been concentrated on the change from 0.1 Hz to 1 Hz.
Group 1 illustrates the effect of a small intravenous dose of tubocurarine. In four of the ten volunteers there was no change either in the initial twitch height or after the change of frequency (i.e., no detectable change from control conditions): these volunteers made no complaint of dizziness or diplopia. In two cases there was no change in the twitch height at 0.1 Hz when tubocurarine was given but a change in frequency from 0.1 Hz to 1 Hz caused a diminution of the twitch height ( figs. 1, 6 ). In the case of the other four volunteers there was diminution of the twitch height at 0.1 Hz after tubocurarine was given
The effect of tubocurarine on the twitch height in a volunteer. There was no change in twitch height when the frequency of stimulation was increased from 0.1 Hz to 1 Hz (A to B) before tubocurarine was administered. After tubocurarine 5 mg was administered, this change in frequency caused a diminution of twitch height (D to E and F to G). Note the slight increase in the height of the muscle twitch after tubocuranne was given. and a relatively more marked diminution when the frequency of stimulation was increased from 0.1 Hz to 1 Hz ( fig. 2 ). All the volunteers who showed these changes had diplopia, slurred speech and found difficulty in opening the eyes. The changes observed in the anaesthetized patients in group 2 were qualitatively the same as in group 1 but the quantitative changes were greater ( fig. 7) . In group 3 the large dose of tubocurarine adrninistered usually resulted in complete ablation of tie twitch, but during recovery, both before and after neostigmine, the same pattern of partial curarization seen in groups 1 and 2 was observed.
In group 1 it was found that three of the volunteers showed no change in twitch height in response to the train of four stimuli (i.e., there was no change from control twitch heights) after the tubocurarine was administered. In five of the volunteers there was no change in the first twitch response of the train of four but diminution of the subsequent three twitches ( fig. 3B ) and in two volunteers there was depression of the first twitch response as well as diminution of the subsequent three twitches ( fig. 3c, D) . One of the volunteers who showed no diminution of twitch response to the changes of frequency studied showed some diminution in the second to fourth twitch height of the train of four. During recovery from tubo- curarine each of die four twitch heights gradually returned to control levels; the first was the most rapid to return and the fourth was the slowest. The same pattern was seen in the anaesthetized patients in groups 2 and 3; and it was, of course, found that the recovery process was accelerated by neostigmine (figs. 9,11). When the larger doses of tubocurarine were given (i.e., in group 3), however, there was complete ablation of the twitch which reappeared either during spontaneous recovery or when neostigmine was given ( fig. 11 ).
Pattern after suxamethonium {group 4). Suxamethonium usually abolished the twitch response completely. When recovery was taking place it was found that change of stimulus frequency from slower to faster rate did not result in a change in the slope of the recovery curve (figs. 4, 8) . The response to the train of four stimuli was ablated by suxamethonium but on recovery all four twitch responses were of equal height when the twitch response reappeared if halothane was not being used in the anaesthetic (figs. 5B, 12A). In the case of prolonged halothane anaesthesia, however, small doses of suxamethonium led to some degree of "fade" in the responses to the train of four stimuli during both the onset of action and recovery from suxamethonium (figs. 5c,
12B, C). DISCUSSION
Methods used clinically to assess the degree of neuromuscular block are mostly dependent on the pattern of evoked muscle response to change in stimulus frequency (Churchill-Davidson and Christie, 1959) .
(a) Observation of the twitch response to single repeated nerve stimuli. (As by the Block-Aid Monitor; Burroughs Wellcome Ltd.) This method will only detect considerable degrees of curarization, but it may be helpful in deciding whether prolonged apnoea after anaesthesia is peripheral or central in origin.
(b) Failure to sustain tetanus (tetanic fade).
The extent of this failure is dependent on the frequency and duration of stimulation (Gissen and Katz, 1969) , and furthermore fade may be absent during a 40-50 per cent block following tubocurarine (Katz, 1965) . Heisterkamp, Skovsted and Cohen (1969) 
STIMULUS FREQUENCY EN DETECTION OF NEUROMUSCULAR BLOCK (c) Post-tetanic potentiation (PTP).
This is markedly influenced by the duration and frequency of the preceding tetanus, as well as by the post-tetanic interval (Liley and North, 1953) . FTP can occur in the absence of neuromuscular block (Von Euler and Brown, 1938; Botelho and Cander, 1953; Hughes and Morrell, 1957) ; in this case the phenomenon seems to be explained either by a change in the contractile response of the muscle or by repetitive firing of the nerve or muscle. Gissen and Katz (1969) investigated the relationship between twitch, tetanus and PTP in an attempt to obtain an adequate index of neuromuscular block in man. They found that the response to tetanic stimulation at various frequencies gave a more sensitive index of neuromuscukr block than did study of either twitch response or PTP: during partial neuromuscular block, tetanus is not maintained at higher frequencies of stimulation even though the magnitude of the twitch response to single stimuli may have returned to control leveL As a result of their investigations these workers suggested that clinical nerve stimulators be modified to provide tetanic stimulation at several fixed frequencies (i.e., 25, 50, 100 and 200 Hz).
(d) Monitoring the effects of anticholmesterase therapy on the twitch response. This may be a useful practical guide, but because these drugs have multiple actions, including that of post-junctional block (Roberts, 1963) , the results cannot always be relied upon; and they offer neither proof of the presence of neuromuscular block nor a measurement of its degree.
(e) Facilitation.
This has been suggested by Berry (1966) as a possible method of assessing neuromuscular block in the absence of a control response before curarization. He utilized a facilitation phenomenon based on the application of two stimuli to the motor nerve with a very small time interval: this resulted in partial restoration of neuromuscular transmission in the curarized preparation-a phenomenon which he showed to be due to summation of endplate potentials. He compared the twitch tension resulting from a single stimulus and that resulting from a double stimulus with an interval of 1-1.8 msec between the two stimuli. Berry maintained that an increase in the muscle tension in response to the double stimulus may reveal evidence of neuromusular block and suggested that this might provide a technique which could be applied in the human subject to detect residual curarization.
Ideally the objective measurement of neuromuscular transmission should assess muscle strength as a proportion of fibres functioning at different twitch rates. It might be thought that comparison of isometric twitch heights obtained before a relaxant drug is given and again during recovery should provide a valid comparison, but there are several reasons why this is not so.
Unless monitoring is performed routinely, control levels of twitch tension are not available when postoperative muscle weakness is suspected; moreover complete stability of recording over a period of hours cannot be guaranteed. Drugs may cause repetitive nerve firing, as, for example, some of the anticholinesterases (Masland and Wigton, 1940; Blaber and Bowman, 1963) or repetitive muscle firing, as, for example, germine diacetate (Flacke, 1963) . Repetitive nerve firing and repetitive muscle firing will both cause twitch heights out of proportion to the number of muscle fibres which are active, and this may result in twitch responses which are greater than normal despite the fact that a substantial number of endplates may remain blocked.
The methods of assessment of neuromuscular block investigated in this paper have several advantages over those in current use. Although they do not give a direct measurement of the proportion of fibres responding to motor nerve stimulation (this in any case will vary with the frequency of stimulation) it can be reasonably postulated that they afford a direct comparison between the degree of neuromuscular block in one patient and in another, and between the degrees of neuromuscular block found in the same patient at different times. These methods, moreover, do not require control levels of developed twitch tensions, which, in any case, can be misleading. They are simple and unlikely to be complicated by pure nerve or muscle effects, and do not cause the same amount of discomfort to the conscious patient recovering from anaesthesia as do tetanic rates of stimulation of 50 Hz or more.
The importance of particular levels of block as measured in this manner remains to be assessed. Tubocurarine 5 mg in conscious volunteers produced results which suggested a variable degree of block, though it might be added that the experimental findings using the two ratios appeared to correlate with the degree of diplopia and weakness as assessed clinically. A variation in response between individuals such as the result suggested could be due to a number of factors-for example, differences in dose/body weight ratio, in distribution, in plasma binding, and in muscle sensitivity.
While the degree of neuromuscular block demonstrated with tubocurarine 5 mg given to conscious volunteers is not associated with morbidity, the same degree of block might possibly be significant if it were present for long periods in a patient in the postoperative period. It is important, therefore, to establish the degree of reversal of neuromuscular block, which is compatible with safe return to the ward, and it seems probable that this can be achieved using the train of four stimuli (Ali, Utting and Gray, 1971) . This test may also prove to be useful in assessing sensitivity to relaxants, and the likely dose requirements for particular operations. It could also be used as a tool for investigating the effects on neuromuscular transmission of other drugs and inhalation agents used during anaesthesia. Sir,-We write to report a hazard encountered when using an Ambu-E valve. The valve was correctly connected for use in conjunction with a Minivent ventilator. Preliminary testing of the ventilator produced a normal flow of gas from the "patient" port of the valve and the apparatus was accordingly attached to the patient. However, the Ambu valve prevented the patient exhaling to the atmosphere, and the equipment was discarded. Examination of the valve showed that following cleaning it had been reassembled incorrectly with the yellow shutter inverted and placed not on the blue inlet body, but instead on the valve seating in the main valve body. There are three factors which may contribute to such wrong assembly.
(1) The inlet body is blue but the shutter is coloured yellow; this invites wrong assembly especially in the versions where the yellow colour is repeated in the body. (2) The inlet orifices and valve seating are of similar diameter, which encourages attempts at wrong assembly. (3) The length and shape of the valve seating are such that the wrong assembly appears surprisingly satisfactory.
When assembled incorrectly die valve functions as a closed elbow connecting the patient to the supply hose. Under certain circumstances this might be easily detected. However, when used in conjunction with a Minivent or similar ventilator the fault may well pass unnoticed, as the chest continues to move normally, and the exhalation is trapped in the corrugated hose. The fault was indeed only discovered on this occasion because the Wright respiromcter attached to the exhalation port recorded nothing. It should be added that had the Wright respirometer been connected elsewhere, between the Minivent and the patient, no such warning would have been obtained.
As this apparatus is in widespread use, not only in the theatre but also for resuscitation, it is unfortunate that the valve has not been modified to eliminate the problem. The following possibilities occur to us. (1) The colours of the components could be chosen to correspond when assembly is correct. (2) The diameter of the outside of the valve seating could be increased to discourage wrong assembly. (3) The outside shape of the valve seating could be altered so that a shutter could not remain over the wrong orifice, e.g. the seating could taper or could have added some radiating fins or spokes.
This hazard has been reported before (Kelly, 1968 ) but is still not well recognized. Indeed the manufacturers' advertisement still proclaims that this valve "cannot be assembled incorrectly".
A copy of this letter has been sent to the manufacturers so that they may consider modifying the design to reduce the danger.
